Solar power offers a "greener" alternative to traditional methods such as electricity and hot water production. To quantify the benefits of solar power, a life cycle analysis (LCA) of thermal solar plants is necessary, which requires environmental impact assessments of all materials used in their fabrication. In this paper we report on an LCA of a thermal solar installation with flat collectors for domestic hot water production, built on the roof of a private house in Tudela de Duero, Valladolid (a city 190 km north of Madrid, Spain). In addition, the EPS2000 method (as willingness to pay to restore changes in the safe guard subjects) was used to find which one of the two concepts, conventional or solar installation, has the least impact on the environment. Thus, the financial and environmental profit of the solar power installation was analyzed in comparison with a natural gas boiler system to show their respective environmental impacts and the economics that make them more or less profitable at the end of their service life.
Introduction

I
NCREASING AWARENESS OF ENVIRONMENTAL PROBLEMS has raised national and international efforts in environmental policy making. Sustainability of economic and social development has become a high-ranking goal, and it is one of the leading ideas of the Agenda 21, which was agreed upon at the UNCED-Conference in Rio de Janeiro in June 1992. At a first glance, the idea of sustainable development seems to promise improved future conditions for products originating from sustainably produced renewable resources compared with those of nonrenewable, exhaustible ones. In recent years, life cycle analysis (LCA) has been developed as an instrument for evaluating environmental impacts associated with the production and use of a product, comprising its whole life cycle. LCA has to identify and quantify all uses (inputs) of energy and material as well as all resulting products.
Methodology
Since the 1970s, there have been several efforts to develop the LCA methodology. In the 1990s, the Society for Environmental Toxicology and Chemistry (SETAC) in North America and the U.S. Environmental Protection Agency (U.S. EPA) sponsored workshops and other projects designed to develop and promote consensus on a framework for conducting lifecycle inventory analysis and impact assessments. Similar efforts have been undertaken by SETAC-Europe, other international organizations (such as the International Standards Organization, ISO), and LCA practitioners worldwide. As a result of these efforts, consensus has been achieved on the use and procedure phases of LCA. Thus, LCA is a method that can be used for several purposes, particularly:
3. Life cycle impact assessment 4. Life cycle improvement assessment.
Negotiations for international standardization
Although there is a wide consensus regarding how to organize an LCA in general, there are several different methodological approaches. The results of an LCA study are highly dependent on the methodology used. To gain more comparability among LCA studies, as well as to prevent a misuse of this instrument, the International Standards Organization (ISO) has established working groups that are developing an international standard for LCA (ISO/TC 207/ SC5). It seems that such a LCA standard will be agreed upon soon, even though research in many fields of LCA is still at the very beginning.
The life cycle impact assessment (LCIA)
According to ISO 1404X standards (ISO 1996a (ISO , 1996b (ISO , 1998 , the LCIA is performed at two levels by using SimaPro 6 (2004) software. (1) First, the emissions accounted for in the inventory stage are sorted into impact categories to obtain an indicator for each category (mandatory elements). (2) Second, the weighting of environmental data to a single unit is applied (optional elements). In compliance with ISO 14042, a sensitivity analysis is performed and three different impact assessment methods (Eco-Indicator'95, Eco-Indicator'99, and EPS2000) are applied to analyze their influence on the results. In the present work, Eco-Indicator'95 and Eco-Indicator'99 are used as methods based on environmental criteria and the EPS2000 as a method based on economics.
The general principles of the EPS2000 development are:
• The top-down principle (highest priority is given to the usefulness of the system).
• The index principle (ready made indices represent weighted and aggregated impacts). • The default principle (an operative method as default is required).
• The uncertainty principle (uncertainty of input data has to be estimated).
• Choice of default data and models to determine them The EPS2000 default method is an update of the 1996 version (Steen, 1999a (Steen, , 1999b .
The application of the EPS default method to an LCA assessment is by means of indices, which are weighted factors describing the impacts of resources and emissions. The inventory results of individual flows for the activity under examination are multiplied by the corresponding indices and subsequently summed up to give one total value. The impacts or changes to the current, global environment are described as impacts to specific safeguard subjects: human health, ecosystem production capacity, abiotic stock resource, and biodiversity and cultural and recreational values. These impacts are valued in the EPS on a relative scale in environmental load units (ELU) according to the willingness to pay (WTP) to a fictive global society consisting of OECD-economies to avoid negative effects on the safeguard subjects. Hence, a monetary measure is produced, where one ELU is assumed equal to 1 Euro. The monetary values of the key safeguard subjects considered in the EPS were determined based on various U.S. and European studies as described in Steen (1999a Steen ( , 1999b .
Impact Assessment
Equipment
Low-temperature thermal solar installations aim to use solar energy by means of thermal solar collectors to contribute to the heating of any building or facility. Such installations are made up of three subsystems: collection, storage and distribution. There are basically three types of collectors: flatplate, evacuated tube, and concentrating. A flatplate collector, the most common type, is an insulated, weather-proof box containing a dark absorbing plate beneath one or more transparent or translucent covers. The absorbed heat is transferred as loss-free as possible to the solar liquid (water or air). The process heat is produced in the temperature range to 95-100°C.
To be able to use the absorbed heat regardless of the degree of sun exposure available at a certain time, it must be stored. The accumulation subsystem requires a well-insulated storage tank. Many systems use converted electric water heater tanks or plumb the solar storage tank in series with the conventional water heater. In such an arrangement, the solar water heater preheats water before it enters the conventional water heater.
The distribution subsystem includes all the elements destined to the distribution and preparation for consumption: control system, pipes and conductions, valves, etc. Frequently, solar tanks are laid out bivalently, that is, they have, in addition to the heat exchanger, a mechanism for reheating by means of another energy source, such as a second heat exchanger in the upper storage area for the connection to a conventional or a biomass boiler. This reheating, if the sun does not supply sufficient energy, will cover the hot water need (e.g., after several cold days with a dense cloud cover). Alternatively, an electronically regulated instantaneous water heater can also be used (Sevilla, 1992; Solís Camba and Gómez Rey, 1999; IDAE, 2006) .
LCA of a thermal solar system
Description of the system. The system under study is a thermal solar installation for supplying hot water of sanitary quality grade (SHW) to a single-family two-floor rural house. It is a 100 m 2 detached house, next to the river Duero, in Tudela de Duero, Valladolid, Spain. The house is meant for up to six people. The rooms that need SHW are: on the ground floor: a kitchen, a complete bath, a WC (toilet) and, on the upper floor, a complete bathroom. The climate in Tudela de Duero is characterized by long and hard winters, short and relatively smooth summers, and considerable summer dryness (García Fernández, 1986) . According to data from the IDAE (Instituto para la Diversificación y el Ahorro Energético), Spanish homes spend an average of 700 per year in energy. The budget would be broken down into the following headings: 46% corresponds to heating, 20% to hot water, and 16% to the use of white goods. FEGECA (Asociación de Fabricantes Españoles de Generadores y Emisores de Calor por Agua Caliente) assures that solar panels can provide between 50 and 70% of the power necessities and allow savings of up to 75% in comparison to other proce-dures (IDAE, 2006) . In our study we have not included possible subsidies from the IDAE or from the Regional Government (Junta de Castilla y León), which can reach up to 40% of the cost of the investment. Nevertheless, since the approval in Spain in October of 2005 of the new Spanish Technical Code of Construction ("Código Técnico de la Edificación"), the introduction of certain constructive techniques based on power efficiency and renewable energies in all newly constructed or integrally reformed buildings, has become compulsory. Specifically, a minimum solar contribution to sanitary hot water production is mandatory, together with a minimum photovoltaic contribution to the generation of electrical energy.
Collection subsystem. This subsystem consists of two flat solar Saunier-Duval collectors of 2 m 2 of functional surface each, model SDS8VE. The absorbent and the battery of tubes are made of copper. The cover is of high transmittance tempered crystal. The collectors will be oriented to the South, at a pitch angle with respect to the horizontal of 40°. The system is architectonically integrated in the building and fixed firmly by means of steel structures protected with antirust treatment.
Accumulation subsystem. This consists of a Saunier-Duval BDS1300 model interaccumulator, made of vitrified steel, which is considered to be an adequate material for internal anticorrosion protection. The system is isolated with a 55 mm-thick layer of HD polyurethane. It has a capacity of 300 L.
Distribution subsystem. The installation is equipped with a Saunier Duval natural gas boiler, model Isofast F35E, with 35 kW of power and a watertight circuit.
As complementary control and security elements there are:
• Saunier-Duval Hydraulic Group model GHC1, with the necessary elements for the correct protection, distribution, and control of the primary circuit, such as: expansion glass, circulation pump, safety valve, adjustment valve, etc.
• Solar kit equipped with a mixer valve that allows at any moment to adapt the temperature of the water coming from the solar accumulator to that defined in the boiler by the user.
• Others, such as purge valves, keys, and extra support collector.
The pipe used to connect all components of the system and to provide SHW to all the targeted places in the house is made of copper.
Power consumption calculations
To calculate the power consumption of the natural gas boiler we used the expression: 
E demanded ᎏᎏ
The data provided to the CalSolar program are summarized as follows: users (6); SHW consumption (45 L/day per person, annual average); hot water temperature (45°); degree of utilization (100%; except from August to September: 75%); solar coverage (65%, CTE, BOE No. 72, 28 March 2006); orientation and pitch (south, 40°); accumulator volume (300 L).
The results given by the program are shown in Table 1 . The energy to be transferred from the boiler would be the difference between the power demand and the solar production, that is, 1,183 kWh. So the annual boiler energy consumption would be 1,556.58 kWh.
LCA development of the solar installation
Goal and scope definition: objectives. The main objectives of this report are: (1) to analyze the different components of a low-temperature solar thermal installation for domestic hot water production, (2) to assess their different emissions along their LCA, (3) to evaluate the environmental impacts arising from these emissions, and (4) to quantify the financial cost of such emissions. The comparison with a conventional installation is an additional objective.
Goal of the installation. The purpose of this installation is to provide hot water to a private rural house in Valladolid (Spain). The full useful life is of 25 years.
We assumed 1TJ of natural gas as a functional unit because when the solar collectors cannot provide enough hot water (mostly on very cloudy days) this second heat exchanger (natural gas boiler) should start working.
In this report the electrical power consumed by the installation was not considered because it is negligible compared with the consumption of natural gas. 1996) the following data on the energy systems inventory are given:
• 12.5 MJ primary energy per kg for steel and smelting • 12.5 MJ primary energy per kg for aluminium • 50 MJ primary energy per kg for copper.
• For the remaining materials, the consumed energy is considered negligible because their weight is far below that of the aforementioned materials. This primary energy is distributed, according to the same source, between the different energy forms in the following way:
• 45% is considered fuel oil, according to the module of the fuel oil ETH of low sulphur in a boiler of 1 MW.
• 45% is considered natural gas according to the module from the ETH natural gas in industrial furnace of power superior to 100 kW Europe.
• 10% is considered electricity. The module will depend on the country where it is generated: Spain or a European country, but in any case, will be taken according to the module "mixture of electricity of average tension provided in Spain or UCPTE." The performance of the power stations must be taken into consideration, and was here equal to 0.33 (IDAE, 2006) , so therefore the electricity consumed by the system would be: 0.1 ϫ 0.33 ϫ total primary energy From Frischknecht et al. (1996) we obtained the standard distances that the material has to travel until it reaches the elaboration center (railway, 200 km; lorry 40 t, 100 km)
We have considered that all the metals will be 100% recyclable, while the plastics used (PVC, polyurethane) will constitute future remnants that will end up in the incinerator. In this article we have considered the process of incineration as a suitable option because other physical and chemical forms of recycling are not appropriate for an energy evaluation. In general, it is not convenient to keep plastics in a garbage dump, because they contain a great amount of potential energy. Table 2 shows the inventory of a solar installation concerning the technosphere.
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From the inventory referring to the technosphere we elaborated a simplified inventory concerning the environment and referred to the functional unit. To do so, we divided all the loads by the natural gas consumption of the boiler during the 25 years of life utility of the installation, obtaining a result of 0.14 TJ (Table 3) .
Impact evaluation. Environmental impact from the EPS2000 Design System has been used for evaluation purposes and the results summarized in the Tables 4 and 5.
Results and Discussion
Tables 4 and 5 show that the natural gas consumed during the installation operations is the main contributor to the categories of damage and impact. The two main impact categories affected by natural gas consumption are reduction of reserves (75%) and life expectancy (16%). The substances responsible for these effects are summarized in Table 6 .
Installation components
Both the main contributing impact categories of each component of the solar installation and the substances contributing to the impact categories are summarized in Table 6 .
Partial conclusions
The EPS2000 method is focused on the exhaustion of both nonenergetic and energetic reserves. If the percentage relative to the damage categories is subdivided into the corresponding categories of impact, it is possible to observe that 86% of the impact can be attributed to the diminution of reserves, 9% to life expectancy, and 4% to severe nuisance. This means that the production process and later use of the solar installation of SHW affects the diminution of reserves mainly by the use of natural gas as combustible for energy supply and also by the use of copper in the building of the installation components. A percentage of 14% of the life expectancy is originated by the CO 2 emission coming from the production of energy by the natural gas boiler when it starts working to support the production of SHW of the solar collectors, and to a lesser extent to the emission of methane and PAH (polycyclic aromatic hydrocarbons).
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The price that is ready to be paid to avoid damage to the atmosphere (or in case of producing damage to recover it) for each TJ of natural gas consumed by the solar installation is 78,003 .
Comparison between conventional and solar installations
The purpose of the two installations under study is to supply hot water for a house. The conventional installation consists of a natural gas boiler.
The comparison has been made considering both environmental and economical aspects. The environmental comparison was carried out based on the results obtained by using the EPS2000 method (Steen, 1999a (Steen, , 1999b . The comparison from the economic point of view was made by studying the costs associated to each installation.
During 25 years of life cycle of the installations, the consumption of natural gas in the conventional installation is 0.47 TJ, whereas the solar installation consumes 0.14 TJ.
Environmental comparison: the EPS2000 method
The EPS2000 default methodology (Environmental Priority Strategies in product design) is a damage oriented method. In the EPS system, willingness to pay to restore changes in the safe guard subjects is chosen as the monetary measure. The indicator unit is ELU (environmental load unit). The system is developed to assist in finding which one of the two installations has the least impact on the environment.
Damages study
In this study we have compared separately the impact caused by the infrastructure of the installations and that caused by power consumption during their operation. The results obtained for each installation (in ELU) are shown in Figure 1 .
It is observed that the solar installation's infrastructure has a larger environmental effect than that of the conventional installation. This can be explained by the higher number of components needed in the solar installation, and hence to the materials used in their construction, as well as to the energy needed for their fabrication, which is also higher.
Much more important than the effect of the infrastructure is the contribution of the energy consumed during the operation of the two installations. In Figure 1 , it can be observed that the operation effects of the conventional installation are much larger than those caused by the solar installation. This is so because the conventional installation uses only natural gas during operation, while the solar installation uses solar energy and natural gas as a support.
If the contributions to the categories of damage of both installations are arranged in decreasing order, a coincidence in the results can be observed (Fig. 2) : resources, human health, biodiversity and ecosystem productive capacity. Regarding the categories of impact, both installations are also among those of a higher contribution; such contributions are ordered decreasingly as follows: reserve reductions, life expectancy, severe nuisance, moderate nuisance, and others.
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Analysis by impact categories
In the course of a separate analysis of the main impact categories where each impact category was analyzed either for infrastructure or operative aspects, comparing solar and conventional installations, the following results were obtained:
Resources reduction: Infrastructure. The higher number of components needed for the solar installation compared to a conventional installation causes a higher value of the resources reduction indicator for the former (Table 7) .
It can be observed that both installations coincide in using substances that most contribute to the impact category; but the impact caused by the consumption of these substances is more noteworthy in the solar installation than in the conventional one. Operation of the installations. The contribution of fuel to the reduction of reserves is summarised in Table 7 . The resources reduction indicator associated to operation was higher in the conventional installation than in the solar one. This is logical, because both facilities obtain the energy used for their function from a natural gas boiler. The difference is that in the conventional installation the boiler is the sole provider of the energy needed for operations (hence, its high consumption), while in the solar installation the energy provided by the boiler is simply a supporting one to that obtained by means of the solar collectors. for the solar installation than for the conventional one. The most relevant emissions were CO 2 emissions for both installations.
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Operation of the installations. The life expectancy indicator associated with the operational process was higher for the conventional installation compared with the solar one. Again, CO 2 is the substance that contributes most to the impact.
Severe nuisance: infrastructure. Just as in the previous cases, the indicator associated to infrastructure was substantially higher for the conventional installation than for the solar one, and again due to CO 2 emissions.
Operation of the installations
As in earlier cases, the indicator was higher for the conventional installation than for the solar one, mainly due to the CO 2 emissions. 
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Economical comparison
To compare both facilities economically the following costs were considered:
1. Investment costs can be defined as all costs invested in the acquisition of the different components of an installation and those related to the environmental cost that the fabrication of such components causes. 2. Operating costs are the recurring expenses that are related to the power consumption during the life cycle of the installation and those of environmental nature associated to production of the consumed energy.
The environmental costs are those calculated by the EPS2000 method. Remember that 1 ELU Ϸ 1 EURO. The acquisition costs have been determined on the basis of catalog data from the different manufacturers. The energy costs have been calculated through the tariffs (3.1 to 3.4) established by the Spanish Ministry of Industry and Energy (BOE No. 312, 30 December 2005) .
Due to lack of information regarding future natural gas tariffs (because of the highly fluctuating nature of this market, which makes it difficult to predict new values), we have considered that every year the increase in price will be of 2%.
Cost analysis
To be able to compare in a more accurate way the two systems, we have separated the total cost in two components: investment cost and operation cost.
Conventional installation: investment costs. According to the manufacturer's catalog, the acquisition cost of the different components of the installation is: 1,946 for the boiler, 75
for piping, and 20 for complementary elements. Therefore, the acquisition cost of the conventional installation is 2,367 (16% VAT included). The associated environmental cost of the installation's infrastructure during its life amounts to 2,308 . Thus, the overall investment cost of the conventional installation is 4,675 .
Operating costs. The natural gas tariff in our case is 3.2 (BOE No. 312, 30 December 2005) , which corresponds to a power consumption range of 5,000 to 50,000 kWh per year. Hence:
• fixed term payment: 5.34 /month ϫ 12 months ϭ 64 ; • energy term payment: 0.04 /kWh ϫ 5176.32 kWh ϭ 213 ; • the rent of the meter: 1.08 /month ϫ 12 month ϭ 13 .
During the first year the natural gas consumption cost is 337 (taxes included).
Because the life of the installation is of 25 years, and considering both the 2% increase in the gas tariff and a constant consumption, the operating cost at the end of its service life is 10,786 .
The associated environmental cost of the installation during its service life amounts to 16,603 . Overall, the operating cost is 27,389 .
The total cost associated to a conventional installation is 32,064 ; 4,675 corresponding to the investment and 27,389 to operating costs.
Solar installation: Investment costs. Just as in the previous case, the acquisition cost of the installation was extracted from the manufacturer's catalog. The prices of the components are specified as follows: 1,946 for the boiler, 972 for the interaccumulator, 1,288 for the collector, 43 for piping, and 1,413 for complementary elements. Therefore, the total cost of acquisition (16% VAT included) is 6,556 .
The environmental cost during the life cycle is 5,935 . Thus, the overall investment cost is 12,491 .
Operating costs. As we mentioned above, the natural gas tariff is in our case 3.2. Consequently, we have:
• fixed term payment: 5.34 /month ϫ 12 months ϭ 64 ; • energy term payment: 0.04 /kWh ϫ 1,556.58 kWh ϭ 64 ; • rent of the meter: 1.08 /month ϫ 12 months ϭ 13 .
During the first year, the cost of the natural gas consumption will be 164 (VAT included). For a conventional installation life of 25 years, a tariff increase of 2% and a constant consumption during its service life, the cost will be 5,245 .
The associated environmental cost to the operation of the installation during its life amounts to 4,993 . The final operation cost is then 10,238 .
Comparison. The conventional installation has lower investment cost than the solar installation, but considerably higher operational costs. This is due to the fact that the production of the components of the solar installation consumes more resources and produces more emissions than the conventional. On the other hand, the conventional installation works on the basis of natural gas while the solar installation only consumes gas as a support to the solar collectors.
The overall cost of the conventional installation (32,064 ) is higher than the cost of the solar installation (22, 729 ) . The previous discussion is summarised in Fig. 3 .
To know if it is more profitable to use the solar installation or the conventional one, we have assumed in our calculations that the acquisition costs are only effective the first year, and therefore in the following ones the costs will only In the first year the cost of the solar installation is 7,178 , which is higher than the costs of the conventional one, but during the remaining years the cost is higher for the conventional installation. Thus, the initial difference could be paid up in 10.9 years, reaching the 11.9 required years.
In agreement with earlier results, it can be stated that the solar installation is more profitable than the conventional installation even though the initial expenses are considerably higher. After about 12 years of operation the difference in initial costs would be amortized, and from then onward all costs will be lower in the solar installation. By the end of the life cycle, the conventional installation will involve a cost of 9,335 more than the solar one.
The investment costs for the solar installation are 4,189 higher than in the conventional system, while the operation costs are 5,541 higher for the conventional installation. Total costs are higher in the conventional installation than in the solar system, although the difference is not very pronounced. Studying the amortization time of the investment costs of both installations, it can be observed that after 19.6 years the solar system equals its costs to those of the conventional installation. From then onward, the cost of the conventional installation is higher than that of the solar installation. At the end of the service life of both systems the result is that the cost of a conventional heating installation is 1,352
higher than that of a solar installation.
Conclusions
The environmental impact caused by a solar installation compared to a conventional one using a natural gas boiler is much smaller. This is primarily because of the environmental friendly production of solar power with a minimum burning of gas during cloudy days. These advantages overshadow the environmental impact caused by producing solar cells. It has also been possible to verify that, in the long run, the use of a solar installation is more profitable than that of a conventional one. The relatively high initial investment at first sight suggests that the solar system is, in general, expensive. However, from the time this system is installed onward, there are no more operating costs, except for very low maintenance costs. Thus, the solar installation can be amortized in a reasonable time.
In addition, for comparison purposes, we have estimated that the expected operational life of both systems is 25 years, whereas for the solar system this period is within the nor-4993 ᎏ 25 16603 ᎏ 25 mal predictions; for a conventional installation it is not (according to manufacturer statistics). Finally, we conclude that the use of a solar heating system combined with efficient energy technology (a modern boiler) with the lowest possible energy consumption is environmentally ideal for homeowners.
